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Abstract
In recent years, use of lumpfish (Cyclopterus lumpus L.) as cleaner-fish to remove sea-lice
have been chosen by many salmon farmers in Europe and Canada as an alternative to med-
ical treatment, which has led to large scale production of lumpfish. At present, there is limited
knowledge of how lumpfish respond upon anaesthesia, which anaesthetics and concentra-
tions that are efficient and conditions for euthanasia. We have therefore tested and devel-
oped protocols for bath immersion for three commonly used anaesthetics metacaine
(Finquel, buffered tricaine methanesulfonate, MS-222 and Tricaine Pharmaq), benzocaine
(Benzoak vet) and isoeugenol (Aqui-S), determined concentration for normal and fast
anaesthesia and evaluated safety margin for each condition. Also, a behavioral matrix has
been developed. We have examined the effect of fish size (10–20 g, 200–400 g and 600–
1300 g) and sea water temperature (6˚C and 12˚C). We found that 200 mg L-1 metacaine is
an efficient dose for deep narcosis independently for fish size and temperature due to good
safety margins with regards to both exposure times and doses. However, for many tasks
lighter anaesthesia is sufficient, and then 100 mg L-1 metacaine can be used. Benzocaine is
less efficient than metacaine, but can be used as anaesthetic of fish < 400 g. The optimal
doses of benzocaine were 100–200 mg L-1 for small fish (10–20 g) and 200 mg L-1 for
medium sized fish (200–400 g). For larger fish (> 600 g), benzocaine is not suitable. Isoeu-
genol cannot be recommended for full anesthesia of lumpfish. The conditions for lethal
doses varied with chosen anaesthetic, fish size and temperature. For small fish (10–20 g),
exposure to 1600 mgL-1 of metacaine in 10 minutes it lethal. Guided protocols for non-lethal
anaesthesia will contribute to ensure safe treatment of lumpfish according to an ethical stan-
dard for good fish welfare.
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Introduction
Lumpfish (Cyclopterus lumpus L.) have shown to efficiently remove salmon lice (Lepeophtheirus
salmonis Krøyer) from farmed Atlantic salmon (Salmo salar L.) at both temperate and cold tem-
peratures [1,2]. In recent years, lumpfish are therefore chosen by many fish farmers in Norway,
and more recently also in Scotland, Ireland, Faroe Islands and Canada, as an alternative to med-
ical treatment. This has led to an increased demand for this cleaner-fish and the number of
farmed lumpfish increased in Norway alone from around 0.4 million in 2012 to about 13.3
million in 2015 (http://www.fiskeridir.no/English/Aquaculture/Statistics/Other-marine-fish-
species_buying, sale of farmed cleaner fish). In fish farming, each individual‘s welfare is an
important issue and there are a number of conditions such as transportation, vaccination,
blood sampling, egg stripping, culling and various research experiments that may induce stress
on the fish and involve potentially painful operations. In such circumstances, the use of anaes-
thetic agents may be beneficial or even required. Establishment of optimal anaesthetic protocols
and useful criteria for monitoring depth of anaesthesia is of particular importance for lumpfish
as they often adhere to the substrate by the suction disc rather than swim actively, and it may be
difficult to evaluate if they are anaesthetized or not.
The response of fish to stressful conditions consists of a wide range of external and internal
alterations comparable to the physiological stress response displayed by higher vertebrates [3,
4]. A variety of stimuli can induce stress and while pain and fear are among the strongest
stressors in higher vertebrates, there are still opposing views among researchers whether teleost
fish are able to experience fear or have the mental capacity for awareness of pain and suffering
[5–9]. However, studies on rainbow trout (Oncorhynchus mykiss Walbaum) and goldfish (Car-
assius auratus L.) have demonstrated that fish possess the basic neural system necessary for
nociception, i.e. perception of painful stimuli [5,8–11]. Anaesthetics in commercial fish farm-
ing are mainly used for immobilisation of fish in order to facilitate handling, but are also
applied in other situations ranging from mild sedation during transport to full anaesthesia
during more invasive procedures. The most common route of administration of anaesthetics
to fish is dispersion in the water and absorption across the gills. The effect is usually assessed
by induction and recovery time, reflex reactions to external stimuli and responsiveness to
handling.
Among the most frequent used anaesthetics in aquaculture worldwide are metacaine (Fin-
quel, MS-222, Tricaine Pharmaq, TMS, tricaine methanesulfonate, ethyl 3-aminobenzoate),
benzocaine (ethyl 4-aminobenzoate), quinaldine, 2-phenoxyethanol, metomidate and isoeu-
genol (2-methoxy-4-prop-1-enyl-phenol) [12–16]. The three most used anaesthetics in Norwe-
gian aquaculture in recent years are, according to the statistic, benzocaine, metacaine and
isoeugenol (www.fhi.no). To ensure the welfare of the fish subjected to procedures that might
inflict pain, anaesthetic agents with the ability to block nociceptive pathways are necessary.
The three anaesthetics benzocaine, metacaine and isoeugenol possess this ability. When
applied in human and veterinary medicine, metacaine and benzocaine are local anaesthetics
that act by blocking voltage-sensitive sodium channels [17–18], thereby preventing the volt-
age-dependent increase in sodium conductance. This inhibits the initiation and propagation
of action potentials in excitable cells; thus blocking most neurons and muscle cells and are
therefore causing paralysis in addition to blocking nociception. When administrated to fish
via bath immersion, they enter the circulation and produce general anaesthesia by inhibiting
neural signal transmission ranging from the periphery to higher parts of the nervous system.
The precise mechanism of action in the central nervous system is however not fully under-
stood [19–21]. A high dose of metacaine and benzocaine can be used for euthanasia [22]. Iso-
eugenol is structurally similar to eugenol, a widely used analgesic in dentistry that inhibits
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sodium, potassium and calcium channels, inhibits NMDA receptors and potentiates GABAA
receptors [23–26]. Good anaesthetic effect, rapid induction and recovery times and good safety
margins are important properties for fish anaesthetics [27–28]. Dosage regimes maintaining
these properties vary between agents and between fish species and are also influenced by bio-
logical factors such as body weight, age and sex, as well as environmental factors such as salin-
ity, pH, oxygen level and water temperature [16, 29–31]. Therefore it is essential to develop
optimal protocols for each species. Also, lethal doses should be determined for each species as
anaesthetic overdose is a commonly used method to kill fish [22].
In the currently study we have developed anaesthetic protocols for lumpfish of various
sizes at two different temperatures, and investigated the safety margins under each conditions
by determining the concentrations of the agents and exposure times that give anaesthetic
overdose.
Materials and methods
The described experiment was approved by the Norwegian Animal Research Authority (Iden-
tification number 8234). Fish were sacrificed with overdose of anaesthetics or by a sharp blow
to the head, which is an appropriate procedure under Norwegian law.
Fish
Farmed lumpfish (C. lumpus L.) were supplied by Fjord Forsk Sogn AS, a commercial breeder
in Sogn & Fjordane County, Norway. The fish were transported by road using a commercial
fish transporter vehicle, which maintained stock at satisfactory temperature and dissolved
oxygen concentration. The fish were kept in fish tanks (500 L) at the Aquatic and Industrial
Laboratory (ILAB), Bergen, Norway, until they had reached the preferred size. Two water tem-
peratures were applied (6 and 12˚C) and the light regime 12 hours light: 12 hours dark. The
temperatures were selected to mimic winter (6˚C) and summer (12˚C) temperatures. This
temperature range also cover temperatures in most production sites. The size of the fish tanks
were 500 L and the outlet water had a minimum of 77% oxygen saturation. The water flow, 34
PSU, was 300–400 L per h per tank. The fish were fed (3% of body weight) with the commercial
dry feed Amber Neptune (Skretting AS, Norway), a marine feed developed for gadoids.
The fish were divided into three groups according to their size (independent of sex) and
included small fish (10–20 g), medium sized fish (200–400 g) and large fish (600–1300 g). The
experiments were conducted at ILAB.
Anaesthetics
The anaesthetics included in this study were metacaine (Finquel, also known as MS-222, TMS,
tricaine methanesulfonate, Tricaine Pharmaq), benzocaine and isoeugenol. To prepare the
doses of metacaine, powder of Finquel (Scan Aqua AS, Årnes, Norway) was added directly to
the anaesthetic chamber containing sea water. The concentrations tested were 100, 200, 400,
800 and 1600 mg L-1. To prepare the doses of isoeugenol, Aqui-S vet (Scan Aqua AS, Årnes,
Norway) containing 540 mg mL-1 of isoeugenol was diluted 1:10 in milliQ water prior to be
added to the anaesthetic chamber containing sea water. The concentrations tested were 10, 20
and 40 mg L-1. A stock solution of benzocaine was made by dissolving 200 g (powder) in 1 L
ethanol. From the stock solution appropriate volumes were added to the anaesthetic chamber
to obtain concentrations of 100, 200, 400 and 800 mg L-1. The anaesthetic concentrations used
for the different groups of fish, shown in Figs 1–4, were determined based on preliminary tests
applying two to five fish for each dose.
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Immersion anaesthesia with metacaine, benzocaine and isoeugenol
Anaesthetic solutions for immersion anaesthesia were prepared as described in section 2.2.
The sea water used in the experiments was obtained from the fish tank. Oxygen level and
temperature were monitored during the procedure. The fish were anaesthetized one by one
(N = 10 for small and medium sized fish and N = 5 for the largest fish) and the anaesthetic
solutions were replaced after every fifth fish. The chambers for anaesthesia and recovery were
opaque, white containers. The volumes of anaesthetic solutions in the tanks were 2 L in 2L
containers for small fish (10–20 g) and 10 L in 12 L containers for medium fish (200–400 g)
and large fish (600–1300 g). Since lumpfish has a different behavior than other fish species, e.g.
salmon, a behavioral matrix tailored to lumpfish was developed. The recorded stages during
anaesthesia were disoriented, loss of equilibrium, reduced swimming activity, no swimming
activity, near absence of respiration (operculum movements). When the respiration was near
absent the fish were transferred to a recovery tank containing sea water with the same temper-
ature as the exposure tank. This is referred to as 0-exposure. The sea water in the recovery tank
was replaced after every 3–5 fish. The recorded stages in the recovery phase were initial and
strong movement of operculum, initial movement of fins, starting point for swimming, normal
swimming activity and when equilibrium was reestablished. After the recovery phase the fish
were transferred to a storage tank and if a fish was anaesthetized more than once, the quaran-
tine was set to 14 days to ensure that the fish was fully recovered. No fish died after 0-exposure.
The time to reach each stage during anaesthesia and recovery was recoded for all fish, and time
Fig 1. Induction and recovery times during immersion anaesthesia with metacaine, benzocaine and isoeugenol of small fish (10–20 g). Induction
and recovery with different doses of (A) metacaine at 6˚C, (B) benzocaine at 6˚C, (C) isoeugenol at 6˚C, (D) metacaine at 12˚C, (E) benzocaine at 12˚C, (F)
isoeugenol at 12˚C. The colored boxes show times for induction and recovery. Average time in minutes ± S.D. is shown. Red boxes = induction times (no
respiration), black boxes = initial respiration, blue boxes = normal respiration, grey boxes = swimming activity. Single letters means that this measurement is
statistically different the other. Shared letters means that the differences are not statistically significant (P < 0.05). N = 10 for all anaesthetic concentrations,
except for isoeugenol at 6˚C for which N = 5. Statistical analyses for induction and each of the phases during recovery, as well as statistical analyses of the
effect of temperature, are given in S4–S7 Tables.
https://doi.org/10.1371/journal.pone.0179344.g001
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measurements during anaesthesia and recovery for metacaine, benzocaine and isoeugenol are
given in S1, S2 and S3 Tables, respectively.
Determination of therapeutic window for metacaine, benzocaine and
isoeugenol
To determine the therapeutic window for each drug at different concentrations, fish sizes and
sea water temperatures, the fish were kept in the anaesthetic bath after the respiration were
near absence for 10, 30 and 60 min (N = 5) before transfer to a recovery tank. If the fish did
not wake up after 1 hour in the recovery tank, they were registered as dead.
Statistic
Statistical analyses were performed using Sigma Stat v3.5 (Systat Software Inc, Richmond,
USA). To evaluate the effect of anaesthetic concentrations within one group (defined by fish
Fig 2. Induction and recovery times during immersion anaesthesia with metacaine and benzocaine of medium sized fish (200–400 g). Times for
induction and recovery with different doses of (A) metacaine at 6˚C, (B) benzocaine at 6˚C, (C) metacaine at 12˚C, (D) benzocaine at 12˚C. The colored
boxes show times for induction and recovery. Average time in minutes ± S.D. is shown. Red boxes = induction times, black boxes = initial respiration, blue
boxes = normal respiration, grey boxes = swimming activity. Single letters means that this measurement is statistically different the other. Shared letters
means that the differences are not statistically significant (P < 0.05). For all anaesthetic concentrations N = 10, except for metacaine 1600 mg L-1 at 6˚C and
benzocaine 800 mg L-1 6˚C for which N = 5. Statistical analyses for induction and each of the phases during recovery, as well as statistical analyses of the
effect of temperature, are given in S4–S7 Tables.
https://doi.org/10.1371/journal.pone.0179344.g002
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size), one way ANOVA with a post hoc Holm-Sidak method or ANOVA on Ranks (Kruskal-
Wallis One Way Analysis of Variance on Ranks) with post-hoc Tukey test was performed. To
test if there were significant differences between two temperatures, a Mann-Whitney Rank
Sum Test was performed for each anaesthetic concentration. Differences were consider
Fig 3. Induction and recovery times during immersion anaesthesia with metacaine of large fish (600–
1300 g). Induction and recovery times with different doses of (A) metacaine at 6˚C, (B) metacaine at 12˚C.
The colored boxes show times for induction and recovery. Average time in minutes ± S.D. is shown. Red
boxes = induction times, black boxes = initial respiration, blue boxes = normal respiration, grey
boxes = swimming activity. Single letters means that this measurement is statistically different the other.
Shared letters means that the differences are not statistically significant (P < 0.05). N = 5. Statistical analyses
for induction and each of the phases during recovery, as well as statistical analyses of the effect of
temperature, are given in S4–S7 Tables.
https://doi.org/10.1371/journal.pone.0179344.g003
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Fig 4. Induction and recovery times during immersion anaesthesia with metacaine. (A) Times for induction for all fish sizes
at two temperatures for three different doses of metacaine. (B) Times for recovery (normal respiration). The boxes show average
with standard deviation. Yellow boxes = fish 10–20 g at 6˚C, orange boxes = fish 10–20 g at 12˚C, light blue boxes = fish 200–400 g
Anaesthetic protocols for lumpfish (Cyclopterus lumpus L.)
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significant if P< 0.05. The statistics for induction and normal respiration are shown in the
Figs 1–3. A complete summary of statistical analyses for induction, initial respiration, normal
respiration and swimming are given in S4, S5, S6 and S7 Tables, respectively. Single letters
means that one group is statistically different from the other groups. To determine if there
was an interaction between anaesthetic concentrations, temperatures and fish sizes three-way
ANOVA were used. Differences were consider significant if P< 0.05.
Results
Behavior of lumpfish during anaesthesia and response to external stimuli
Lumpfish have different behavior compared to many other fish species and they often use
their suction disk to adhere to the substrate rather than swim actively. Therefore, an important
first-step in the evaluation of efficient anaesthetic was to determine the behavior correlating
with different stages of anaesthesia for lumpfish. The physical signs during the different stages
were disorientation, loss of equilibrium, reduced swimming activity, no swimming activity,
cessation of fin movements and no respiration (cessation of operculum movement) (Table 1).
Also, erratic behavior with increased respiration and swimming activity was observed during
anaesthesia with high concentrations (> 400 mg L-1) of metacaine and occasionally at high
concentrations of benzocaine. For lumpfish, this excitatory stage occurred prior to the sedation
stage.
Upon exposure to benzocaine, medium and large fish swam laterally for a long period (up
to several minutes), while during anaesthesia with isoeugenol feces in the water was com-
monly observed. To evaluate the depth of anaesthesia, the lumpfish’s reaction to external sti-
muli was monitored. Pinch in the tail and pinprick in the skin where not useful stimuli to
provoke a reaction, but we found that pinch in the lower lip induced a bite response. This
was the best stimuli to provoke a reaction and was further used this to evaluate if the fish
were fully anaesthetized.
at 6˚C, dark blue boxes = fish 200–400 g at 12˚C, light green boxes = fish 600–1300 g at 6˚C, dark green boxes = fish 600–1300 g
at 12˚C. (C) Statistical analyses of effect of Anaesthetic concentrations, temperature and fish size alone or in combination.
https://doi.org/10.1371/journal.pone.0179344.g004
Table 1. Overview of behaviour of lumpfish at different stages of anaesthesia 1.
Stage Plane Description Appearance Swimming activity Equilibrium Responsiveness2 Muscle
tone
Respiration
0 Normal Normal Normal/adhere to the
substrate
Normal Yes Normal Normal
I Light sedation Disoriented Reduced Normal/ reduced Reduced Normal Normal
II* Excitatory Excited Increased Struggles to maintain
balance
n.d. Normal Irregular/
increased
III 1 Light
anaesthesia
Anaesthetized Stopped Lost None Decreased Normal or
decreased
2 Surgical
anaesthesia
Anaesthetized Stopped Lost None Relax Shallow
3 Deep narcosis Anaesthetized Stopped Lost None None Nearly absent
IV Impending death Moribund Stopped Lost None None Stopped
1 The Table has been modified from Zahl et al. [32]
2 Responsiveness refers to reaction to external stimuli (pinch in the lower lip)
*Observed at high concentrations of metacaine (> 400 mg L-1)
https://doi.org/10.1371/journal.pone.0179344.t001
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Effect of anaesthetics, anaesthetic concentrations and sea water
temperatures on small fish (10–20 g)
For the small fish (10–20 g) metacaine, benzocaine and isoeugenol could all be used as anaes-
thetics. The induction time to obtain deep narcosis was indirectly proportional to the anaes-
thetic concentrations independently of temperature, and there were correlations between
concentrations of anaesthetics and the recovery times. Higher concentrations resulted in lon-
ger recovery times (Fig 1). A summary of time measurements for induction and recovery at
different temperatures and concentrations are summarized in S1 Table (metacaine), S2 Table
(benzocaine) and S3 Table (isoeugenol), respectively. In the Figures, the time to reach stage
III plane 1 (no swimming) is not shown, but this information is given in the Supplementary
Tables. Statistical analyses are summarized in S4–S7 Tables. For metacaine at 6˚C, there were
a statistical significant difference between anaesthetic concentrations and induction times
(H4 = 43.888 (P< 0.001)) (Fig 1). The same pattern for induction was observed for metacaine
at 12˚C (H4 = 43.028 (P< 0.001)), but the induction times were significantly lower at 12˚C
compared to 6˚C for all doses (S4 Table).
The average recovery times, defined by initial respiration, normal respiration and swimming
activity, were less than three minutes for the two lowest concentrations of metacaine (100 and
200 mg L-1) at both 6˚C and 12˚C, and for 400 mg L-1 metacaine at 12˚C. The time resumed for
swimming activity at 400 mg L-1 metacaine at 6˚C was 5.34 minutes, but there were large differ-
ences within the group. There were also large differences at higher concentrations at 6˚C (Fig
1A). At increasing concentrations, there were a significant increase in time to reach initial res-
piration (at 6˚C, H4 = 43.109 (P< 0.001) and at 12˚C, H4 = 42.234 (P< 0.001)). The time to
reach normal respiration and swimming activity was also significantly higher with increased
concentrations of anaesthetics (S6 and S7 Tables, respectively).
The same trends with lower induction times and higher recovery phase with increasing
concentrations of anaesthetic were also observed for benzocaine (Fig 1B and 1E) and isoeu-
genol (Fig 1C and 1F). The induction times for the lowest concentration of benzocaine (100
mg L-1) were 4.5 ± 2.0 min at 6˚C and 2.4 ± 0.3 min at 12˚C (Fig 1B and 1C) and S2 Table.
Regarding induction times, there were significant differences between the two temperatures
(see S4 Table). Average time to obtain swimming activity were< 5 min for the two lowest con-
centrations, but increased to about 7 minutes for 400 mg L-1 benzocaine and about 12 min for
800 mg L-1 (Fig 1B and 1E). For isoeugenol, the average induction time was 14.1 ± 2.2 min at
6˚C and 6.5 ± 2.0 min at 12˚C for the lowest concentration (10 mg L-1). The time to attain full
recovery was prolonged for isoeugenol. To reach normal respiration, the average time was
7.33 ± 4.5 min at 6˚C and 7.2 ± 4.5 min at 12˚C. The induction times at higher concentration
decreased, but the time to reach normal respiration increased dramatically. At 40 mg L-1, it
took 20.7 ± 8.9 min and 12.0 ± 6.9 min before the fish obtained normal respiration, and
55.6 ± 22.2 min (6˚C) and 24.5 ± 8.6 min (12˚C) before the fish retained swimming activity.
There were not significant differences in recovery times between the two temperatures for
most of the concentrations of benzocaine and isoeugenol.
Effect of anaesthetics, anaesthetic concentrations and sea water
temperatures on small fish (200–400 g)
Pilot experiments with isoeugenol gave extended induction and recovery times for all concen-
trations tested and it was therefore concluded that isoeugenol was not a viable alternative for
full anaesthesia to the stage of deep narcosis of medium sized lumpfish (200–400 g).
For metacaine and benzocaine the induction time was inverse proportional to anaesthetic
concentrations, while the recovery time increased with increased concentrations of anaesthesia.
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The induction time for the lowest dose (100 mg L-1) of metacaine was 8.4 ± 6.4 min at 6˚C and
6.7 ± 1.0 min at 12˚C (Fig 2A and 2C). Huge variations at 100 mg L-1 6˚C are mainly because
two of the lumpfish did not reach the deep narcosis stage and were transferred to the recovery
tank after 20 minutes. The recovery times for> 400 mg L-1 metacaine at 6˚C were prolonged
and there were also high variation within each group at 6˚C, suggesting that these conditions
are not recommended.
Upon anaesthesia with benzocaine, the induction time was statistically reduced with
increasing concentrations at both temperatures (at 6˚C: H2 = 24.050 (P< 0.001) and at 12˚C:
H2 = 25.835 (P< 0.001)) (Fig 2B and 2D). Due to long recovery times at 6˚C (Fig 2B), benzo-
caine is not recommended for deep narcosis for medium sized lumpfish. Time for induction
and recovery upon anaesthesia with benzocaine were significantly shorter at 12˚C compared
to 6˚C (Fig 2B and 2D, S2 and S4–S7 Tables).
Effect of anaesthetics, anaesthetic concentrations and sea water
temperatures on large fish (600–1300 g)
In pilot experiments, long induction and recovery times were found for both isoeugenol and
benzocaine and neither were found suitable as alternatives for full anaesthetic to the stage of
deep narcosis for fish of this size. For metacaine, the induction time at a dose of 100 mg L-1 at
6˚C was too long (18.5 ± 1.5 min) to be considered a viable alternative (Fig 3, S1 Table). Effect
of concentrations were statistically significant (F2,14 = 138.061 (P < 0.001)). The induction
times at concentrations of 200 and 400 mg L-1 at 6˚C (6.7 ± 1.4 min and 4.5 ± 1.1 min) are
within acceptable limits. Upon 400 mg L-1 the recovery time was very long (Fig 3A). It took
more than 20 min before the fish obtained normal respiration rate and the fish started to
swim. Therefore, 200 mg L-1 was the only concentrations that gave acceptable induction and
recovery times at 6˚C.
At 12˚C, all three concentrations obtain acceptable induction times (Fig 3B) but for the
highest dose, 400 mg L-1, the recovery times was very long (21.0 ± 7.7 min). It was a significant
effect of temperature on induction times (S4 Table), but not on recovery times (S5–S7 Tables).
The dose of 200 mg L-1 metacaine is therefore the recommended dose for the large fish at both
temperatures. Due to a limited number of fish available of this size only 10 min exposure was
used in the safety margin test. No mortality was registered after 10 min exposure at any of the
tested concentrations (100–400 mg L-1).
Effect of anaesthetic concentration of metacaine, fish size and
temperature
It is beneficial to have a drug that is efficient independently of fish size and temperature and
with good safety margin with regard to exposure time and anaesthetic concentrations. There-
fore, the inductions and recovery times (normal respiration) between different concentrations
of anaesthetic, fish size and temperature were compared (Fig 4) to find the optimal dose. Only
metacaine was considered as this was the only anaesthetic suitable as anaesthetic to obtain
deep narcosis for all sizes of the fish. As shown in Fig 4, 200 mg L-1 metacaine give low induc-
tion time (Fig 2A) and recovery times (Fig 2B) and can therefore be used as anaesthetic for full
anaesthesia to deep narcosis of lumpfish independent of fish size and temperature. The statisti-
cal analyses of effect of anaesthetic concentrations, temperature and fish size and the combined
effects of those (Fig 4C), showed that each parameter separately and anaesthetic concentration
in combination with temperature and fish size have a significant effect. However, there were
no interactions between temperature and fish size, nor concentration, temperature and fish
size (Fig 4C).
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Therapeutic window and conditions for euthanasia
Determination of therapeutic window was performed in order to ensure that the recom-
mended anaesthetic concentrations had a good safety margin both with regard to concentra-
tion and exposure time. Based on pilot experiments, the exposure times were 10, 30 and 60
min (N = 5) for each dose and each drug at both 6˚C and 12˚C for all fish sizes (Fig 5). None of
the lumpfish died after 0-exposure. For metacaine 200 mg L-1, small fish could be exposed to
this dose for 10 minutes and medium sized fish could be exposed for 60 and 30 minutes at 6˚C
and 12˚C, respectively. The largest fish were only exposed to the different concentrations for
10 minutes. Under these conditions, no mortality was observed. Based on our data, an over-
view of recommended concentrations for full anaesthesia for fish of different sizes and at dif-
ferent temperatures is given in Table 2.
Fig 5. Therapeutic windows and conditions for lethal conditions. Therapeutic window for different anaesthetic concentrations and exposure times in
different anaesthetic solutions (A) Effect of metacaine, benzocaine and isoeugenol on small fish (10–20 g) at 6˚C (upper panel) and 12˚C (lower panel). (B)
Effect of metacaine and benzocaine on medium sized fish (200–400 g) at 6˚C (upper panel) and 12˚C (lower panel). Percentage mortality is indicated by
colors: green = no mortality, yellow = 20–40% mortality, orange = 60% mortality, red = 80–100% mortality. N = 5.
https://doi.org/10.1371/journal.pone.0179344.g005
Table 2. Overview of recommended concentrations for full anaesthesia of lumpfish.
Anaesthetic* Fish size
(g)
Temp
(˚C)
Concentration normal
anaesthesia (mg L-1)
Max exposure time
(min)
Concentration fast
anaesthesia (mg L-1)
Max exposure time
(min)
Metacaine 10–20 6 100 30 200 10
12 100 30 200 10
200–400 6 200 60 n.d. n.d
12 200 30 n.d. n.d.
600–1300 6 200 101 n.d. n.d
12 200 101 n.d. n.d.
Benzocaine 10–20 6 100 10 200 10
12 100 10 200 10
200–400 6 Not recommended
12 100 10 200 < 10
*Isoeugenol is not recommended for full anaesthesia of lumpfish due to long recovery phase.
1
= the large fish (600-1300g) was not incubated for more than 10 minutes.
n.d. = good conditions for fast anaesthesia with regards to both acceptable induction and recovery times was not found.
https://doi.org/10.1371/journal.pone.0179344.t002
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Discussion
Criteria for monitoring depth of anaesthesia and response to external
stimuli
Prior to this study there were no established protocols for full anaesthesia or euthanasia of
lumpfish although it has been intensively farmed the last few years [2]. As lumpfish prefers to
adhere to the substrate rather than to swim actively under normal conditions, and thus exhibit
different behavioral elements and postures compares to other species like salmon and cod, an
important first step in this study was to determine useful criteria to assess anaesthesia for
lumpfish. An overview of behavior during different stages of anaesthesia in fish has been given
by Zahl and co-workers [32], but this was not tailored for lumpfish and we had to modify it.
For lumpfish, the excitatory behavior, defined by irregular or increased respiration and
increased activity, was observed before the fish was disoriented and had reduced activity as
described for other species [32]. This behavior was typically observed at high doses (> 400 mg
L-1 metacaine). Following excitatory stage, lumpfish was sedated and had reduced activity, dis-
orientation and loss of equilibrium. In stage III, there were no swimming activity, cessation of
fin movement and the operculum movements were weak. When the operculum movements
were nearly absent, the lumpfish were transferred to the recovery tank. This was defined as the
0-exposure. No fish died at this stage in the current study. However, it should be noticed that
this is the end of the third plane of stage III [33], which is deep narcosis, and lighter anaesthesia
will likely be sufficient for most task. Loss of equilibrium combined with end of swimming
activity (Stage III, plane 1) can then be used as criteria, and can be obtained by for example
100 mg L-1 metacaine. Time measurements for this stage for metacaine, benzocaine and isoeu-
genol are also included in S1–S3 Tables respectively.
To evaluate the depth of anaesthesia, the lumpfish’s reaction to external stimuli was moni-
tored. Pinch in the tail is commonly used to provoke a reaction in other fish species like zebra-
fish and Atlantic salmon [32]. This was however not a useable criterion for lumpfish as many
of the fish showed no reaction to the pinch. The same lack of reaction was seen when pinprick-
ing in the skin. This might be because lumpfish lack Mauthner neurons which initiate escape
responses [34]. The best way to provoke a reaction in lumpfish was to pinch in the lower lip as
this caused a bite reflex and this technique was used in this study to evaluate if the fish were
anaesthetized or not. Lumpfish did not react to pinch in the lower lip at stage III, plane 1–3.
Anaesthetic concentrations and behavior upon anaesthesia
For the current study, we got approval from the Norwegian Food authorities to develop proto-
cols for full anaesthesia for lumpfish by use of metacaine, benzocaine and isoeugenol. Local
federal or national legislation in other countries to use these anaesthetics on lumpfish will be
needed to consider before treatments. Initial pilot experiments showed that the anaesthetic
doses recommended for Atlantic salmon and rainbow trout, 50–60 mg L-1 for metacaine, 30–
40 mg L-1 for benzocaine and 10–14 mg L-1 isoeugenol (www.felleskatalogen.no/medisin-vet),
gave unsatisfactory long induction times for lumpfish and could therefore not be used. A new
set of concentrations were therefore used in this study (100–1600 mg L-1 of metacaine, 100–
800 mg L-1 of benzocaine and 10–40 mg L-1 of isoeugenol).
The initial reaction upon high concentration of metacaine was increased respiration rate
and the fish were swimming toward the surface. Upon exposure to isoeugenol, faeces was
often observed in the water and for many of the fish, the operculum movement did not stop,
even after 20 min exposure. The recovery time after exposure to isoeugenol was in general very
long and we found that isoeugenol could be used for full anaesthesia only for the smallest fish
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size, and even for these small fish, the recovery could be longer than one 1 hour at 6˚C. The
recovery time at 12˚C was shorter and the individual variation within the fish group was less
than at 6˚C. Typical behavior when exposed to benzocaine was disoriented swimming pattern
for several minutes before being anaesthetized. Benzocaine is suitable as anaesthetic for small
and medium sized fish, although the recovery times for medium sized fish at 6˚C was very
long, even for the lowest doses.
Effects of anaesthetic concentrations
This study also shows a clear relationship between dose and induction and recovery times
where an increase in dose shortens the induction time and prolongs the recovery time. Critical
drug concentrations are therefore reached more rapidly with higher anaesthetic exposure lev-
els, thus supporting the hypothesis that simple diffusion and osmotic pressure are principally
responsible for the uptake of anaesthetics over the gills.
The dosages of the agents used in the current study are higher that the doses recommended
for Atlantic salmon but within the range of those reported as optimal for various fish species
(see [12,16] for details). A light sedation with reduced response to external stimuli might be
sufficient during practices such as transport, sorting and netting whereas surgery require
anaesthetized fish with no responses or reflex reactions to the procedure. It has been reported
that isoeugenol can be used for sedation of lumpfish [35]. Iversen and his coworkers also
showed that the plasma cortisol level was lower in lumpfish compared to other fish species.
Since lumpfish has a very different behavior compared with other fish species, and currently
there is not defined good parameters to evaluate if/ at which level lumpfish is sedated, it could
be considered if it is necessary to sedate lumpfish during transport and easy/quick handling
procedures like sorting, netting and vaccination. This consideration is based on the long recov-
ery times found in this study after exposure to even low concentrations of isoeugenol.
Effect of sea water temperature
Our study showed that a rise in temperature from 6 to 12˚C shortened both induction and
recovery times for all the drugs, doses and weight classes tested. Shortened induction and
recovery times with increasing temperature have also been reported for several other teleost
species [30,36–39] and is most probably related to an increased basal metabolic rate which
requires higher demand for oxygen leading to increased respiration and circulation [40–42].
Effect of body size
Since metacaine is the only anaesthetic agent that was studied for all three weight groups, the
importance of fish size on the anaesthetic effect is limited to that drug. In previous studies a
number of anaesthetic agents have been examined regarding the importance of body weight
and diverging results have been reported for various fish species [38, 43–47]. Some studies
demonstrate no relationship between body size and induction and recovery time, whereas oth-
ers suggest that such a relationship does exist. In the present study we found increased induc-
tion and recovery times with increasing weight of the fish at both 6˚C and 12˚C and at all
doses. Atlantic cod and Atlantic halibut are examples of other species where increasing induc-
tion and recovery time with increasing weight are reported [30, 33, 38]. This suggests that the
rate of absorption of the anaesthetic in relation to weight is slower in larger fish and may be a
reflection of the smaller gill surface area in relation to body mass as a smaller area is available
for drug diffusion relative to size.
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Pharmacokinetic
The effect of anaesthetic agents on lumpfish is in this study visualized by induction and recovery
times and where the recovery is divided in three phases, namely initial respiration, normal respi-
ration and swimming activity. Induction is directly depending on pharmacokinetic properties
of the compounds and as no studies are available that measures the absorption kinetics of anaes-
thetics in fish in terms of plasma concentrations, the induction time is used to describe this pro-
cess and where a short induction time indicates a fast absorption rate. The absorption rates of
these compounds are slower in lumpfish than in Atlantic salmon as the initial concentration
tested were too low to induce anaesthetic effect in lumpfish within an acceptable time period.
One factor that can explain this is if the gill surface area in relation to body weight is smaller in
lumpfish compared to more active species like Atlantic salmon and Atlantic cod (Gadus morhua
L.). Furthermore, lower activity is followed by lesser requirement for oxygen, giving slower gill
movements, another aspect that may influence the absorption rate. Induction times were found
to be longer for benzocaine and metacaine in lumpfish compared with Atlantic salmon, Atlantic
cod and Atlantic halibut (Hippoglossus hippoglossus L.) even though the doses used for these
species were lower [30, 33, 48]. An exception was a dose of 40 mg L-1 of isoeugenol applied for
anaesthetising Atlantic halibut of 33 g at a temperature of 8˚C, that gave a longer induction time
(2.3 min) [33] compared to lumpfish (10 g) at 6˚C with an induction time of 1.5 min.
There are only a few studies presenting data on the elimination kinetics of anaesthetics in
fish. This pharmacokinetic process is therefore often described for anaesthetics in fish by the
recovery period and where a long recovery period indicates a slow clearance process. In Atlan-
tic salmon the plasma clearance rates of isoeugenol, benzocaine and metacaine were found to
be 0.059, 0.35 and 3.10 l kg−1 h−1 respectively [48]. These clearance rates show that Atlantic
salmon need longer time to recover from benzocaine and especially isoeugenol anaesthesia
than from metacaine anaesthesia. These observations are similar to what we found in the pres-
ent study. The longest recovery times where observed after exposure to isoeugenol, especially
at the low temperature, followed by benzocaine. The recovery times upon exposure to meta-
caine were much shorter, although at high concentrations (800–1600 mg L-1) and low temper-
ature, the recovery time could be long even for this drug. Due to lower activity in general of
lumpfish it was likely to believe that the elimination of anaesthetics would be slower compared
with more active species like Atlantic cod. This study showed however that the recovery times
of metacaine and benzocaine with 2.7 and 3.5 min respectively in lumpfish (10 g, 6˚C) were
similar to the values found for Atlantic cod (10 g, 8˚C) with 3.78 and 3.56 min respectively and
much shorter than in Atlantic halibut (33 g, 8˚C) with 12.4 and 19.3 min respectively [30, 33].
In comparison, isoeugenol the most lipophilic of the tested compounds, was very slowly elimi-
nated from lumpfish with a recovery time of 56.3 min (10 g, 6˚C) which was twice the recovery
time found in Atlantic halibut with 26.2 min (33 g, 8˚C) [33].
Euthanasia
An overdose of anaesthetic drugs is commonly used to kill fish, but care should be taken to
maintain fish welfare [22]. In order for an overdose of anaesthetic to be a reliable and humane
killing method for fish, more knowledge is needed before recommending the minimum
dosage and exposure times for specific life stages, body sizes and water temperatures. Such
information would help to ensure a minimum time to loss of consciousness and minimum
induction of stress (EFSA, 2009a). If a fish has to be killed, then death must occur with the
least possible anxiety, pain and distress. Metacaine offers an alternative to other means of
chemical or physical fish euthanasia, but is not permitted for use prior to slaughter for any pur-
pose on any fish that might enter the food chain (EFSA, 2004). A concentration of 250 mg L-
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1is the minimal concentration suggested by the AVMA for euthanasia of amphibians and fish
(AVMA, 2007). A lethal concentration of 400–500 mg L-1 is generally used for euthanasia
of salmonids [10]. For lumpfish metacaine and benzocaine could be used for euthanasia for
small fish (at 6˚C and 12˚C) and medium sized fish (12˚C) whereas the concentration must be
increased to 1600 mg L-1 and 800 mg L-1 for metacaine and benzocaine, respectively, in order
to obtain safe euthanasia as shown in Fig 5. For medium sized fish, at 6˚C, none of the tested
conditions were suitable for euthanasia.
Conclusions
The results in our study suggest that metacaine is the most optimal anaesthetic for lumpfish. A
concentration of 200 mg L-1 of metacaine is efficient to obtain deep narcosis independent of
fish size (10–1300 g) and sea water temperatures in the range 6–12˚C, and that the safety mar-
gins regarding dose and exposure time appear sound. Isoeugenol is not recommended for full
anaesthesia due to prolong induction and recovery times. Benzocaine can be used for small
fish and medium sized fish at 12˚C, but not at 6˚C. An overview of recommended doses for
full anaesthesia of lumpfish is given in Table 2. Conditions for euthanasia are summarized in
Fig 5. In the current study we have determined conditions for deep narcosis, but lighter anaes-
thesia may be sufficient for most tasks. This can be obtained with 100 mg L-1 metacaine. At
that stage, the lumpfish has stopped swimming, but do not react to externa stimuli. Further
pharmacokinetic and physiological studies should however be performed to determine if
anaesthesia of lumpfish has any adverse long-term effect. Before such information is available,
it is debatable whether full anaesthesia is necessary for quick handling procedures such as vac-
cination and visible implant elastomer tagging. Guidelines for efficient anaesthetic concentra-
tions for lumpfish of different sizes at different sea water temperatures are important for good
animal well-fare and safe handling of the fish.
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